Background: Stopping an ongoing motor response or resolving conflict induced by conflicting stimuli are associated with activation of a right-lateralized network of inferior frontal gyrus (IFG), pre-supplementary motor area (pre-SMA) and subthalamic nucleus (STN).
Introduction
From a review of several strands of evidence from animal, imaging, clinical studies and behavioural and electrophysiological investigations of the impact of surgery on movement disorders, it has been suggested that the fronto-striato-subthalamic-pallidal networks mediate goal-directed (volitional, effortful inhibition to achieve a goal) and habitual (automatic) inhibition in the motor and non-motor domains [1] . The stop signal task [2] has been extensively employed for assessment of inhibition of ongoing motor responses. Imaging studies demonstrate that in a conditional stop signal task, successful inhibition and conflict resolution both recruit the 'braking' network of right hemispheric cortical and subcortical areas, including the inferior frontal gyrus (IFG), pre-supplementary area (pre-SMA), primary motor cortex (M1), caudate, subthalamic nucleus (STN) and the globus pallidus interna (GPi) [3] [4] [5] [6] [7] [8] [9] . Yet, there is little agreement about the specific roles these areas play during inhibition and conflict resolution and whether or not their contribution is causal or not.
The IFG and STN are considered two key nodes of the stopping network, since activation of these areas during successful inhibition are significantly correlated with each other and also with the measure of reactive inhibition, the stop signal reaction time (SSRT) [4] . Subsequent studies [8, 10, 11] using transcranial magnetic stimulation (TMS) and imaging show direct involvement of the pre-SMA in inhibition, although its involvement in related functions of action monitoring [12] and conflict resolution during action selection [13] have also been proposed.
Based on the available evidence, the pre-SMA seems to play a role both in inhibition and in conflict resolution.
Previous studies (see Table 1 for a summary) using the stop signal task in healthy participants have shown that repetitive TMS (rTMS) over the IFG [14] [15] [16] [17] impairs motor inhibition, but others reported no effects [18] . Alternatively, bilateral tDCS over the IFG affected proactive control of behaviour [19] but produced no changes in reactive inhibition [20] .
Similarly, the findings with regard to the effects of rTMS over the pre-SMA are also inconsistent, as improved [8, 10, 11] but also impaired inhibition [21] have been reported, while others noted involvement of the pre-SMA in conflict resolution [13] .
We used the conditional stop signal task, which allows assessment of two types of inhibition, reactive inhibition triggered by stop signals, and proactive inhibition measured as prospective action restraint in anticipation of stop signals as well as conflict resolution (measured as the slowing induced by 'to be ignored' stop signals) with the same task. The novel aspect is our aim to investigate the differential contributions of the pre-SMA and IFG to two types of response inhibition as well as conflict resolution. We used continuous theta burst stimulation (cTBS), because of its demonstrated longer-lasting effects achieved with a short stimulation procedure (40secs) [22] . Based on previous studies showing improved behavioural effects after TMS (see Table 1 ), we hypothesized that, if the pre-SMA is involved in both inhibition and conflict resolution, then cTBS over the pre-SMA would improve measures of inhibition and conflict resolution, whereas cTBS over the IFG would only affect measures of inhibition.
[ participated, all of whom met the safety criteria for TMS [23] . The study was approved by the Joint Ethics Committee of the UCL Institute of Neurology and The National Hospital for Neurology and Neurosurgery. Informed consent was obtained from all participants.
Design
Each participant performed the conditional stop signal task three times with a different cTBS target: right IFG, pre-SMA, or sham over right M1, on three separate occasions/days in a counterbalanced order. There was at least a one-week interval between each of three assessments.
Conditional stop signal task
The conditional stop signal task [4, 24, 25] allows measurement of (i) how successfully and quickly a participant can inhibit a response when a stop signal is presented (reactive inhibition) and (ii) the extent that participants engage in proactive inhibition i.e. slowing their responses in anticipation of a stop signal (proactive inhibition) (iii) the extent of slowing of response initiation under conditions of conflict or "conflict induced slowing". On Go trials, a go signal (left or right pointing green arrow) was presented on a computer screen and participants had to respond accurately and as fast as possible using their index and middle fingers of their dominant hand to press left or right keys on a keypad respectively in response to the left and right pointing arrows. On Stop trials (25% of all trials), participants were instructed to stop their response when a stop signal (a red cross) was presented after a variable stop signal delay (SSD) following the go signal; applicable only if the stop signal was presented following an arrow in the direction assigned as 'critical' (see Figure 1 ). When a stop signal was presented following an arrow in the direction assigned as 'non-critical' participants were instructed to ignore the stop signal and respond to the go stimulus. Then, the active motor threshold (AMT) was obtained followed by 20 practice trials.
The stop signal task measures are described in Table 2 . The standard Race Model [26] was applied to compute the SSRT by subtracting the average SSD from the mean correct 'critical' Go RT [27] . One of the main measures of interest was 'conflict induced slowing' (CIS) measured as the difference score between the 'non-critical' Stop trials and the 'non-critical' Go trials. Context-specific and strategic form of action restraint was calculated using the Response Delay Effect (RDE) as the difference in RTs between the 'critical' and 'non-critical' Go RTs, which is the measure of proactive inhibition on this task. Finally, to determine if cTBS had any differential effects on the slowest and fastest part of the SSRT distribution, we examined how the fastest, middle and slowest SSRTs were influenced by cTBS by analyzing the cTBS effect on the 3 SSRT quartiles (25 th , 50 th and 75 th ). For the quartile analysis we obtained the three sections of the distribution for every RT measure (critical Go RT, critical StopRespond RT, non critical GoRT, non critical StopRespond RT and SSD) and in turn derived the difference scores (SSRT, CIS and RDE) for these. Hence, three separate values for each quartile (25 th , 50 th , 75 th ) were inserted in the analysis of each measure. Comparisons were type I error-corrected [28] and nonparametric tests were used to compare error data.
TMS and MRI procedures
A Magstim stimulator (Magstim, Whitland, UK) was employed to stimulate the target cortical sites. Based on previous studies [22] , we used a stimulation output intensity of 80% of each individual's active motor threshold (AMT) for the hand (for IFG) or leg (for pre-SMA).
To obtain stimulation thresholds for the IFG condition, we used a 7-cm figure of eightcoil placed tangentially over the participant's scalp with the handle pointing 45 degrees backwards and laterally over the right motor cortex. Using single pulses over the right hemisphere, we registered motor evoked potentials (MEPs) from the left first dorsal interosseous (FDI) to localize the right hand motor area, starting at a point 2 cm anterior and 4 cm lateral to Cz. The stimulation coil was moved in steps of .5 cm to find the 'hot spot', marked over a swimming cap with a pen. The AMT was defined as the minimal stimulus intensity required to produce MEPs of ≥ 200 V amplitude in ≥ 5 of 10 consecutive pulses. Participants were asked to squeeze a ball between their forefinger and thumb to activate their FDI at approximately 10% of maximum force.
Because of the pre-SMA's deeper and more medial location, the stimulus intensity used for cTBS was estimated relative to the active threshold of a lower leg muscle (tibialis anterior) which is located at approximately the same depth from the scalp in the midline [29] . Because pre-SMA has a midline cortical position, with single pulses over the leg area of primary motor cortex, we registered MEPs from both right and left leg tibialis anterior muscles, so as to detect only left leg MEPs from right leg motor area. Using a large double cone coil we localized the left leg motor area starting at a point 2 cm posterior to Cz. The rationale for using a cone shaped TMS coil was to ensure that stimulation reached the pre-SMA which is a deeper structure [30, 31] . Other smaller coils give larger focality over larger coils but this advantage diminishes with increasing target depth as in our case. The stimulation coil was moved in steps of .5 cm to obtain the 'hot spot', marked over a swimming cap with a pen. To obtain the AMT, participants were asked to contract their left foot to activate their left tibialis anterior by dorsiflexing the ankle.
The target sites were localized in two different ways. For 4 participants, the right IFG stimulations site was localized over F6 in the 10-20 electro-encephalography system [32] and the pre-SMA site was localized at a point 6 cm anterior to the right foot motor area [29] . For 10 participants localization was confirmed using the Brainsight frameless stereotaxy system (Rogue right pre-SMA, x = 6.6, y = 26.4, z = 44). Coordinate values were set according to Brodmann areas for the right IFG (BA44/45) and for the right pre-SMA (BA6) based on functional activation co-ordinates [4] . The M1 location was the 'hot spot' with the greatest and most consistent MEPs.
We used theta burst stimulation, a TMS protocol where each train of stimulation consists of repeated burst of 3 pulses at 50Hz, which is known to deactivate the stimulated neurons for a period of 40 minutes [22] when applied continuously. Every TBS burst was repeated at a 5Hz rate resulting in 200 bursts with a total of 600 pulses at 80% of the AMT of each participant, following safety guidelines [33] . For pre-SMA stimulation, the coil was placed tangentially and for the IFG vertically (with the current going in the ventral to dorsal direction) to the selected spot. For sham M1 stimulation, the coil was tilted vertically over the right M1 with a 90-degree inclination making sure the magnetic field was not pointed towards the participant's scalp.
Results
Five participants were excluded from the analysis (two reported uncomfortable sensory feelings while undergoing cTBS over the IFG; three did not engage adequately with the task as shown by outlier values more than 2.5 standard deviations above the mean for percent correct inhibition and thus did not achieve the requisite 50% inhibition). A final sample of 14 participants was included in the analysis.
[ Table 2 about here]
'Critical' trials
The dynamic adjustment of SSD converged on probabilities of inhibition that were close to 50% (Table 2) IFG and Sham (t<1) were not significantly different. Paired t-tests on 'critical' Go RTs, showed that none of the differences were significant (see Table 2 ). Importantly, the 'critical'
StopRespond RTs (Stop trials on which participants failed to inhibit and responded) marks the speed of failed inhibition and thus represents the racing process between go and stop, with faster StopRespond RTs after pre-SMA stimulation than in the Sham condition.
[ Figure 2 about here] The SSD is adjusted by the staircase tracking procedure but this adjustment is dependent on each participant's actual behaviour and efficiency in achieving motor inhibition. Those who achieve 50% inhibition with longer (harder) or shorter (easier) SSDs differ in the efficiency of motor inhibition. An ANOVA was performed on mean SSD with stimulation Site (pre-SMA vs. IFG vs. Sham M1) as the within-subject variable. The effect of stimulation site was not significant [F(2,26) = 2.89, p = .08], suggesting that there were no significant differences in mean SSD between the three target sites ( Table 2) . [ Figure 4 about here]
A one-way ANOVA on the mean CIS difference scores was performed with Stimulation Site as a within-subjects variable. This analysis revealed that Stimulation Site did not significantly affect CIS [F (2, 26) = .24, p = .78] (Table 2, Figure 4b ). This suggests that neither the contribution of the pre-SMA nor the IFG are critical for conflict resolution.
Finally, a one-way ANOVA on mean RDE scores was performed with Stimulation Site as a within-subjects variable. This analysis revealed that the Stimulation Site did not significantly affect RDE [F (2, 26) = .57, p = .57].
Discussion
We investigated the effect of cTBS over the right IFG and pre-SMA on reactive and proactive inhibition and conflict resolution measures relative to sham stimulation. We found significantly faster SSRTs-i.e. improved/faster inhibition of the motor response-following cTBS over the pre-SMA compared to sham cTBS. This effect was evident for the slowest part of the SSRT distribution, which became significantly faster with cTBS over the pre-SMA relative to cTBS over the IFG or sham stimulation. Stimulation over the right IFG did not influence SSRT. Importantly, conflict resolution was unaffected by cTBS over either the right IFG or pre-SMA, which did not influence the RDE measure of proactive inhibition either. Our results provide novel evidence on the role of the pre-SMA in inhibitory control.
Motor inhibition
Imaging suggested that the pre-SMA is part of the brain "inhibitory network" [3, 8, 10, 11, 34] and here we provide direct 'causal' evidence to indicate that the pre-SMA is a structure with a primarily inhibitory function. Amongst the various processes by which the pre-SMA is considered to exert top-down control [34] [35] [36] [37] , our results suggest a predominant role in reactive motor inhibition, without a significant contribution to conflict resolution (see next section for interpretation). Previous imaging evidence shows activation of the pre-SMA during performance of the go no-go [38, 39] , or stop signal tasks [3] [4] [5] 7, 9, 21] . Greater pre-SMA activation has been associated with: (i) faster SSRTs [6] , and (ii) stronger effective connectivity with the right caudate [40] and right IFG [37] , related to gray matter densities [41] . Our results showing that continuous cTBS of the pre-SMA improves/speeds up motor inhibition is consistent with previous findings [6] . It is possible that this improvement in the speed of motor inhibition with pre-SMA cTBS is achieved either via its hyperdirect pathway connections with the STN [34] or via its direct pathway connections with the striatum [42] .
A role for the pre-SMA in motor inhibition can now be considered as well-established. It appears that experimental manipulation of its normal activity by means of brain stimulation alters the functioning of the right hemispheric inhibitory network, but based on our behavioural results and combined TMS and imaging data [8, 10, 11] , it seems that the brain adapts to this 'perturbation' of the right hemispheric inhibitory network in such a way that motor inhibition improves. The seemingly 'paradoxical' enhancement of motor inhibition may be related to compensation from distant sites with connectivity to the right pre-SMA across the left hemisphere network (i.e. left pre-SMA, left IFG), perhaps by a behavioural shift from controlled and selective inhibition to more fast and global inhibition as suggested by Aron and Verbruggen [43] . This interpretation is supported by results showing increased activity following TMS over homologous regions in the left hemisphere "inhibitory network". After 1Hz rTMS of the pre-SMA, connectivity between the left IFG and STN was strengthened [10] . Similarly, the left pre-SMA showed increased activation following TMS over the right pre-SMA and new functional connections linked the left IFG with the left pre-SMA [8] . However, our TMS coil and stimulation protocol do not guarantee that we successfully targeted the right pre-SMA alone but could potentially have influenced the medial section including the left pre-SMA. Hence, it is possible that our results reflect a combination of right and to some extent left pre-SMA stimulation.
In line with the above evidence from combined TMS and imaging for a shift in the inhibitory network, we speculate about the possible mechanisms for our observed findings. One is that pre-SMA stimulation intensified the activation of other neural circuits for stopping. A clue as to how this might have happened comes from the observation that cTBS over the pre-SMA affected the distribution of SSRTs: the mean SSRT was shorter after cTBS because there were fewer trials in which the SSRT was much longer than the mean. This suggests that cTBS had tightened the distribution of SSRTs, effectively reducing the "noise" in withholding a prepared response. This is likely to be mediated via the pre-SMA connections to the striatum, a pathway shown to mediate fast and urgent behaviours [42] and is in line with recent findings showing striatal changes after inhibitory rTMS over the pre-SMA [21] . Thus, our findings support an inhibitory function of the pre-SMA that when perturbed using stimulation paradigms, drives distant and interconnected regions to manifest its behavioural effects. cTBS is often labeled "inhibitory" on the basis of experiments on the motor cortex [22] .
However, even in the motor cortex, the effects are highly variable [44] , and in other regions, such as the primary sensory cortex, the effects have been better described as changing levels of neural "noise" [45] . In the sensory cortex, it was speculated that cTBS reduced the effectiveness of feedforward inhibitory circuits that were essential in sharpening the temporal profile of sensory inputs needed to perform a temporal discrimination task, effectively introducing noise into a detection task [44] . The present study does not involve detection of low-level inputs.
Instead, it required the rapid withholding of a prepared response to a well-defined input (the stop signal). Reducing inhibitory control in this case would enhance signal amplitude and improve performance in a manner equivalent to reducing "noise", hence the observed effect of speeding of response inhibition with cTBS over the pre-SMA. It is possible that this "noise" reduction operated at both the level of the perceptual and motor systems.
Some previous TMS studies investigating the role of the pre-SMA or IFG in response inhibition are not consistent with our results. Other studies used cTBS over the pre-SMA and found no significant change in SSRTs [17, 18] . Verbruggen et al [17] used a figure-of-eight coil and the stimulation applied was based on hand motor thresholds. Here, we used a cone-shaped coil and stimulation based on foot motor thresholds that involve higher intensities than hand regions to obtain consistent MEPs. Therefore, it is possible that the cTBS used by Verbruggen et al [17] was not as efficient as ours in actually stimulating the pre-SMA, particularly since we stimulated with a cone-shaped coil that reaches deeper structures in the brain. Other rTMS protocols (such as inhibitory quadruple TMS) over the pre-SMA reported worse response inhibition [21] , perhaps because of a stronger physiological effect (due to larger pulse trains) as compared to here.
The current results did not reveal any effect of cTBS over the IFG in proactive or reactive inhibition or in conflict resolution. The left IFG has shown causal relevance to stopping behaviours in patients with lesions [46] and also increased BOLD activity in healthy participants during action restraint on a go-nogo task [47] or tasks requiring inhibitory control for interference resolution [48] . Some imaging evidence with the stop signal task has considered the right IFG as a key node in the inhibitory network [49] ; whereas other imaging studies attributed a role in attention rather than inhibition to the IFG [50] . Thus, a contribution from the left IFG may partly explain our negative results after cTBS over the right IFG.
Conflict resolution
In addition to inhibition, the pre-SMA has been implicated in several other cognitive control mechanisms, such as switching, updating or initiation of actions [8, [51] [52] [53] [54] . It is not surprising that brain networks involved in inhibition, namely the pre-SMA and the STN, also operate during conflict resolution and switching, as shown previously [4, 7] , although other studies show greater anterior cingulate cortex (ACC) activity in conflict resolution [55, 56] . In fact, Casey and colleagues [57] use the term the 'anterior system' involving the ACC, and considered this responsible for conflict resolution while performing the flanker interference task.
Other tasks commonly used to assess conflict resolution are the Flanker, the Simon or the Stroop tasks, which in imaging studies have been shown to engage medial frontal areas including the ACC and the pre-SMA [58, 59] . Conflict between competing actions has also previously implicated the pre-SMA [60] [61] [62] . To causally influence conflict resolution, it is possible that more extensive stimulation of the full SMA complex, including both the SMA and pre-SMA [63] , is required.
Conclusions
We show that the pre-SMA plays a critical role in response inhibition as cTBS over this area improved SSRT. Our results did not reveal any role for the pre-SMA or IFG in conflict resolution.
There is evidence that SSRTs are delayed in impulsive individuals [64] . Our behavioural results showing that cTBS over the pre-SMA speeded up SSRTs have potential implications for future rehabilitation programs for patients with impaired decision-making and impulsivity, such as those with compulsive eating or shopping, pathological gambling or frontal-like disinhibited behaviours. Specifically, disorders with altered pre-SMA activity (both at rest and task-related) may benefit from similar pre-SMA cTBS as the one used here as previously suggested [65, 66] . 
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